We consider the structure formation in f (Y ) model of nonlocal gravity recently proposed by Deser and Woodard[1], which can not only reproduce the ΛCDM cosmology without fine-tuning puzzle but also may provide a screening mechanism for free. Via numerical method, we have found that the effective Equation-of-State parameter w de provided by the nonlocal modifications approximates to 0.33, identical to radiation, in the early era and its late-time value approximates to −1 in keeping with the cosmological constant, which provides the accelerated phase in the expansion began in the recent cosmological time. Then we find that this model has the better fit with the redshiftspace distortions data than DW model [2] and ΛCDM model where the background is fixed by (Ωm0, ΩΛ0) ∼ (0.3153, 0.6847) [3] [4]. At last, we discuss a possible screening mechanism for free in this model.
I. INTRODUCTION
Since the late-time accelerated expansion of universe was first detected 20 years ago [5] [6] , it has aroused great interest among physicists. But the physics behind it is still under debate. As we known, although Einstein gravity can explain physical problems well in the small scale, such as precession of Mercury, it cannot give a reasonable solution of the accelerated expansion of current universe, which suggests that Einstein gravity may not be applicable on the cosmological scale. Theoretically, the methods to produce an accelerated expansion of universe can be divided into two categories. The first one is to introduce the extra and assumptive component of matter, called dark energy, without changing the geometric terms of Einstein field equation. The other is to modify EinsteinHilbert action to provide extra geometric terms in field equation. The Λ cold dark matter (ΛCDM) model, belonging to the first category, can explain the late-time accelerated expansion of the universe well, and the influence of dark energy in the form of a cosmological constant Λ is interpreted as the energy density of the vacuum. However, this otherwise formally and observationally consistent model carries two unsolved puzzles: the so-called coincidence and the fine-tuning problems. The former issue is that ΛCDM can not explain why the accelerated phase in the expansion began only recently in the cosmological time, while the latter expresses the enormous disagreement between the energy scale introduced by Λ and the predictions of the standard model of particle physics for the vacuum energy density. Despite these two puzzles, ΛCDM model is still regarded as the standard model in astronomy for its simplicity of structure. On the other hand, many modified gravities belonging to the second category were proposed continually, including two major theories: the scalar-tensor theory [7] [8] and f (R) theories [9] [10] [11] [12] . In order to fit observed data, these modified models are required to emulate the background expansion history of the universe given by ΛCDM model via the reconstruction process [13] [14] . Then one can observationally distinguish among models by looking at their predictions beyond the background, such as solar system tests and the structure formation in the universe. However, these modified gravities still not avoid the fine-tuning puzzle.
Recently, a new type of modified gravities, nonlocal gravity, has aroused great interest because it can avoid fine-tuning successfully. The first nonlocal gravity model was proposed by Wetterich [15] , who considered the following action
where g 2 is a dimensionless constant. −1 R is the inverse d'Alembertian acting on the Ricci scalar and it represents current effects of the necessarily abundant infrared gravitons in the early universe [16] [17] . In the radiationdominated era (R = 0), the nonlocal term "R −1 R" vanishes until universe enters into matter-dominated era. Hence, nonlocal model can naturally incorporate a delayed response to the transition from radiation to matter dominated era, yet avoid major fine-tuning. Unfortunately, the Wetterich model can not produce a viable cosmological evolution [15] . Subsequently, other forms of nonlocal modified term were put forward consecutively, such as "m 2 −1 R" [18] , "R −2 R" [19] [20] [21] ,
Although these different forms of nonlocal term may produce a viable solution of the accelerated expansion of current universe to some extent either, they lose the structural simplicity.
In 2007, Deser and Woodard proposed a simple general form (DW model) [25] 
where X ≡ −1 R is dimensionless and f (X) is an undetermined function of X. In [2] , they reconstructed the (3) After the generalization of "X" to "f (X)", the DW model obtains more freedom than the Wetterich model to fit the observation data without losing the simplicity of structure. In order to verify its reasonability, [26] studied the growth rate f σ 8 predicted by the DW model and found that this model leads to a better agreement with the Redshift-space distortions observations (RSD) data than the standard ΛCDM model. RSD observations, one of the important tools in cosmology, can provide the information regarding the velocity field, probe the dark energy and test the gravity on the cosmological scale. A series of estimations for the cosmic growth rate at different redshift have been constrained by the RSD models, and provide a big database for testing the gravity.
However, the DW model(3) still has a ineluctable question. [2] has assumed that X has opposite signs, in the cosmological (−) and the (smaller scale) gravitationally bound (+) contexts, which may provide a free screening mechanism. However, recently [27] pointed out that X is negative definite, contradicting its assumption. In order to avoid this question, Deser and Woodard proposed a new nonlocal model (DW-2019 model) [1] 
where the nonlocal scalar Y is given by
where −1 is defined by retard boundary conditions which require that X, Y and their first derivatives all vanish on the initial value surface. As shown in [1] , without losing the explanation of accelerated expansion, Y has opposite signs in strongly bound matter (−) and in the large-scale (+) spontaneously. In the meantime, Y still vanishes during radiation-dominated era just as X, and only grow slowly from then on. The form of f (Y ) can be constrained by the reconstructing technique [1] . In this paper, we will verify the self-consistency and reasonability of the DW-2019 model via the effective dark energy analysis and the fitting with RSD data. Moreover, we give the free screening mechanism roughly, which shows DW-2019 model can not be ruled out by Lunar Laser Ranging measurement.
The rest of the paper is organized as follows: Sec.II reviews DW-2019 model [1] and perturbs the model around the background solution to arrive at the first-order perturbed equations that govern the growth of structure. In Sec.III, we analyse the numerical results of the background fields and the growth rate f σ 8 at different redshift z. Sec.IV shows a possible free screening mechanism of the DW-2019 model. The last section is conclusions.
II. MODEL
In this section, we reviewed the background provided by the DW-2019 model [1] and derived the first-order perturbed equations.
Via the introduction of four auxiliary scalar fields (X,Y ,V ,U ), the nonlocal version(4) can be localized as
Variation with respect to the auxiliary scalars respectively leads to the scalar equations
where ∇ µ is the covariant derivative operator compatible with g µν , and
Variation of Eq.(6) with respect to metric g µν yields the modified gravitational field equations,
where ∆G µν is the nonlocal modification, defined by
(12) It is evident that the nonlocal modification is covariantly conserved (∇ µ ∆G µν = 0), since it has been derived from a diff-invariant action. So the energy-momentum conservation ∇ µ T µν holds.
A. The background equations
Deserve to be mentioned, because of the homogeneity and isotropy of universe, the background should be independent of spatial position, which leads that the background auxiliary scalarsX,Ȳ ,V ,Ū are only the time-dependent functions. Based on Friedman-Lemaître-Robertson-Walker (FLRW) metric in the conformal time τ dτ ≡ 1 a dt under the (+, −, −, −) convention
the (00) and (11) components of field equations are respectively given by
2H + H 2 −∆Ḡ 11 = −8πGa 2p ,
where the prime denotes differentiation with respect to the conformal time τ and H ≡ a a .ρ andp are the energy density and pressure without dark energy. The background scalar equations arē
These background equations will be used later.
B. The first-order perturbed equations
In this section, we discussed the linear scalar perturbation equations for the DW-2019 model, which the method is similar to one implemented in [26] [28] .
Firstly, we introduce the perturbed metric under the Newtonian gauge
The perturbed scalar auxiliary fields can be decomposed into
The d'Alembertian acting on F is expanded as
where we used
αβ is the Christoffel symbol of the perturbed metric.
The first-order equations of the perturbed scalar equations are
where ∇ 2 is the Laplacian operator and we used
The metric perturbation fields can be composed into spatial plane waves
In Fourier space, based on Eqs. (23)- (26) and considering the sub-horizon limit (k H), we get
Generally, for the anisotropic fluid in the first order of perturbation, we have
where v i ≡ dx i /dτ is the coordinate velocity, Π i j is the spatial part of the anisotropic stress tensor which is traceless Π i i = 0. The first-order part of the (00) component of field equations is given by
where we used δf (Y ) f (1) (Ȳ )δY . In Fourier space, considering the sub-horizon limit, we find
(36) Similarly, the first-order parts of the (ij) component of field equation are
The trace-free part of Eq.(37) is
Neglecting the anisotropic stress, there is no source on the right-hand side, which leads to
From Eqs. (28)- (31), (36), (39) , these two metric perturbations Ψ, Φ can be expressed in terms of the density perturbation δ ≡ δρ ρ , given by
(41) In the matter dominated era, from the perturbed energy-momentum conservation law, one can get the equation for the matter density perturbation δ m in the sub-horizon limit δ m + Hδ m = −k 2 Ψ [29] . Then we get the k-independent growth equation for the matter density perturbation δ m
where
III. NUMERICAL ANALYSIS
A. The background with the nonlocal modifications
Generally, the useful time variable is N = ln a, the number of e-foldings until the present, where the current scale factor a 0 has been identified as 1. Its various derivatives are
The background scalar equations (16)- (19) take the forms
As we mentioned above, DW-2019 model has been reconstructed to emulate the ΛCDM cosmology [1] where
The sign" 0 " denotes quantities evaluated today. f (Y ) is constrained into
where Ω r0 , Ω m0 , Ω Λ0 is chosen as 9.265 × 10 −5 , 0.3153, 0.6847 [3] . In order to solve numerically Eqs. (45)- (48), their initial conditions deep inside radiation dominated era (N ini = −16) is determined bȳ 
B. The effective dark energy provided by the nonlocal modifications
In order to demonstrate the self-consistency of this model, we can treat the nonlocal modifications as a an effective dark energy component
From ∇ µ ∆G µν = 0, we can obtain the continuity equation ofρ de ,
where w de is the effective Equation-of-State (EoS) parameter for the dark energy component. This equation immediately leads to
Based on Eq. (14), in the e-folding time N ,ρ de is transformed intō 
C. The matter density perturbation in DW-2019 model
In the e-folding time N , the growth equation for the matter density perturbation(42) can be transformed into
(56) The initial conditions of the growth equation(56) deep into the matter dominated era are taken to be consist with the pure CDM model 0.745, the predicted values of f σ 8 by DW-2019 model has a good agreement with the RSD measurement data. In the low-redshift range, the prediction of DW-2019 model has large deviation with RSD data, exactly as DW and ΛCDM models. It's worth mentioning that, compared with other gravity models, the f σ 8 curve of DW-2019 model has a plummet in the vicinity of redshift z = 0.12, which is unnatural and yet provides an extra performance to be tested via the low-redshift RSD measurements.
IV. THE FREE SCREENING MECHANISM
The time variation of the effective Newtonian gravitational constant is another important criterion to test modified gravities [27] [46] . In the DW-2019 model, the effective Newtonian gravitational constant
−1 G and its time variation iṡ
Using the numerical results, the time variation of Newtonian gravitational constant in DW-2019 model is given by
In the other hand, Lunar Laser Ranging observation provides a strict limit on the time variation of Newtonian gravitational constant [27] [47]
Hence DW-2019 model seems to be ruled out by Lunar Laser Ranging observation. However, there may exist a natural screening mechanism provided by the inverse scalar d'Alembertian. There is no reason to apply the FLRW solution in the strongly bound matter regime because the uneven matter distribution must curve spacetime. In order to solve this problem, connecting the cosmological regime with the strongly bound matter regime, 
where Υ(r) sources from the central mass M . This metric can degenerate into the FLRW metric when the central mass vanishes. Based on the general McVittie metric, the Ricci scalar is given by
where we require that Υ(r) 1. Obviously, R(t, r) is divided into R(t), the background term provided by the large-scale structure, and R(r), the extra term provided by the inhomogeneity of matter distribution on the small scale.
For the scalar equations F (t, r) = S(t, r) where S is the source of the nonlocal modification F , the inverse scalar d'Alembertian acting on S(t, r) reduces to the following integrations:
On the cosmological scale, the spatial dependence of R can be ignored. The time integrations of R leads to the negative X cosmo (t), because the factor √ −g is strictly positive and g 00 is negative in the (− + + +) convention. And ∂ µ X∂ µ X reduces to − (∂ t X cosmo ) 2 that is strictly negative, which produces a positive Y cosmo on the cosmological scale. On the small scale, R should be a function of time and spatial position. Then the nonlocal modifications should include the space-dependent extra terms which may provide a free screening mechanism. From Eq.(64), the spatial integrations of R leads to the positive X static (r), and the spatial integration of ∂ µ X∂ µ X produces a negative Y static (r) as shown in [1] . It is mentioned that X cosmo (t), X static (r), Y cosmo (t) and Y static (r) keep the same signs even in the (+ − − −) convention.
As an simple attempt for the DW-2019 model, we generate the scalars intō
whereF cosmo (t) represents the precedingF (t). Then the time variation of Newtonian's constant is generalized intȯ
(67) Based on Eq.(67), the major influencing factors are still from the cosmological scale, and the extra small-scale factors Y static and U static will provide a adjustment to decrease the value of α 0 , which can be regarded as the free screening mechanism. Via the numerical analysis, we find that when (Y static , U static ) ∼ (−0.373, 0), |α 0 | ∼ O(10 −6 ), which explains that the free screening mechanism does work. Hence, the DW-2019 model can not be ruled out by Lunar Laser Ranging. Subsequently, the key question is whether the general McVittie metric can produce the small-scale factors with above magnitudes theoretically to provide the free screening mechanism, which would be studied in the future.
V. CONCLUSIONS
In this work, firstly we reviewed the localized version of nonlocal DW-2019 model [1] and derived the growth equation for the matter density perturbation δ m . Based on the background parameters Ω r0 , Ω m0 , Ω Λ0 ∼ 9.265× 10 −5 , 0.3153, 0.6847 [3] , DW-2019 model is identical to the ΛCDM cosmology by reconstruction [1] . By regarding the nonlocal modifications as the effective dark energy component, we studied the evolution of the EoS parameter w de . FIG.2 shows that the effective dark energy component behaves as radiation in the early era (−10 < N < −16) and it behaves as the cosmological constant Λ ∼ −1 at present. And the figure also shows there is an accelerated phase in the expansion began only recently in the cosmological time. After solving the growth equation for the matter density perturbation δ m numerically, we have found that DW-2019 model is not ruled out by the RSD data shown in FIG.4 , and actually it leads to a better agreement than the standard ΛCDM model and DW model [26] especially in the redshift range of (0.2 < z < 0.6) for σ 0 8 = 0.745. It's worth noting that the curve of f σ 8 in DW-2019 model has a unnatural plummet in the vicinity of redshift z = 0. 12 , which yet provides an extra performance to be tested further via the low-redshift RSD measurements. At last we find that DW-2019 model can provide a screening mechanism for free, and this model can not be ruled out by Lunar Laser Ranging. Actually, the observed values of (σ 0 8 , Ω m0 ) are important parameters to plot the curve of the growth rate f σ 8 (z), so more accurate and reasonable σ 0 8 and Ω m0 from measurements may give more reliable result of f σ 8 (z).
